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exposing 8-to 9-day-old EBs to 1% oxygen. We propose that EBs represent a powerful tool to study oxygen-regulated gene expression during the early steps of embryogenesis, where the preimplantation conceptus resides in a fluid environment with low oxygen tension until implantation and vascularization allow efficient oxygenation.
The first third of gestation involves extensive morphogenetic changes of the mouse embryo in which the fertilized oocyte develops to a complex embryonic structure showing signs of organ differentiation, including vascularization. From fertilization until implantation the oxygen needed for cellular metabolism is supplied by diffusion from the fluid phase within the oviduct and uterus, respectively. This implies that the early embryo is adapted to grow in an environment with reduced oxygenation until the onset of vascularization. Very little is known about the adaptation of the conceptus to this low oxygen milieu and how the oxygen tension (Po2) influences embryogenesis, since conventional studies of living embryos are hindered by their relative inaccessibility and their limited availability. However, this difficulty might be circumvented by using an in vitro model of murine embryogenesis. Pluripotent embryonic stem (ES) cells are derived from the inner cell mass of mouse blastocysts (1, 2) and can be propagated in vitro indefinitely without any genetic manipulation (3) . In the absence of the leukemia inhibitory factor, normal ES cells differentiate spontaneously into three-dimensional structures termed embryoid bodies (EBs) which recapitulate several aspects of murine embryogenesis, including formation of
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endoderm, mesoderm and ectoderm, as well as more advanced processes such as hematopoiesis, cardiogenesis, and angiogenesis (4) (5) (6) (7) (8) (9) .
Oxygen is known to regulate expression of a growing number of genes such as the growth factors erythropoietin (EPO) (reviewed in ref. 10 ) and vascular endothelial growth factor (VEGF) (reviewed in ref. 11 ) as well as glycolytic enzymes (12) . Oxygen-dependent regulation of gene expression has been extensively studied on the glycoprotein hormone EPO, which represents the main stimulator of erythropoiesis, and more recently on VEGF. It has been shown that this endothelial cell-specific mitogen (13, 14) is a key regulator of angiogenesis, a process which leads to the formation of new capillary sprouts from preexisting vessels (15, 16 (18, 19) . This notion was verified by in vitro experiments demonstrating oxygen-dependent VEGF gene expression in malignant as well as in normal cells (20) (21) (22) . Besides 
MATERIALS AND METHODS
Culture Conditions. The ES cell line CCE (27) was cultured as described previously (28) . Briefly (28) .
Po2 Measurements and 02 Consumption. Po2 distribution profiles in EBs with diameters ranging from 510 to 890 ,tm were measured in a perfusion chamber at 37°C as described for tumor cell spheroids (29) . To stabilize the EBs for perfusion with isotonic salt solution (Locke's solution) and insertion of the microelectrode, they were positioned on a small metal plate which contained bore holes. Single-channel microelectrodes with a tip diameter of 2-4 ,Am were used for polarographic Po2 measurements. Two-point calibration was performed by insertion of the electrodes into the flowing medium previously equilibrated with gas mixtures containing 5% CO2 in either air or pure nitrogen. Calibration was repeated after Po2 measurements. Only results from stable electrodes were considered for subsequent evaluation. For Po2 measurements inside the EBs, the microelectrode was placed in close proximity to the upper surface of the EBs with a deviation angle of 15°from the vertical axis. By using a step-driven micromanipulator, the electrode was moved in 50-,tm steps toward the center of the EB. Routinely, [8] [9] [10] separate points were measured per EB.
Oxygen consumption (V/2, expressed as ml of 02 per 100 g wet weight of tissue per min) was calculated from the measured Po2 profile inside the EBs as described (30, 31) (32) according to Bartels (33) .
Quantitation ofAldolase A and VEGF mRNA. The EBs were washed in IMDM and centrifuged at 150 X g for 10 min, and total RNA was isolated from the pellet according to ref. 34 . Total RNA (10 ,ag) was denatured in formamide/formaldehyde and electrophoresed through a 1% agarose gel containing 6% formaldehyde as described (35) . After pressure blotting (PosiBlot, Stratagene) to a nylon membrane (Biodyne A, Pall), followed by UV crosslinking (Stratalinker, Stratagene), the RNA was hybridized to 32P-labeled probes according to the manufacturer's directions (Pall). The radioactive signal was recorded and quantified by using a PhosphorImager (Molecular Dynamics). The aldolase A probe was cloned from a HepG2 cDNA library and the 3-actin cDNA was purchased from Clontech. Aldolase A and VEGF mRNA signals were normalized to the ,3-actin signal to correct for loading and blotting differences. The mouse VEGF probe was derived from a 644-bp PCR fragment generated by using the forward primer A (5'-GCGGGCTGCCTCGCAGTC-3') and the reverse primer B (5'-TCACCGCCTTGGCTTGTCAC-3'), corresponding to bp [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] and 659-690, respectively, of the murine VEGF cDNA sequence according to ref. 36 . The internal primer C (5'-GCTCACAGTGATTTTCTGGCT-3') corresponding to bp (36) was designed to exclusively amplify the cDNA of transcripts encoding the 164 amino acid isoform of VEGF. The competitor VEGF template was constructed exactly as described by Siebert and Larrick (37) , and competitive PCR was performed using the conditions reported recently for EPO (38) .
RESULTS
Differentiation of ES Cells in Normoxic and Hypoxic Conditions. EBs were obtained by culturing the feederindependent ES cell line CCE (27) in a semisolid medium in the absence of leukemia inhibitory factor (39) Fig. 1C shows an example of one EB mechanically sectioned in the equatorial plane since penetration of the scanning laser is limited to a depth of about 250 ,m (47) . As in Fig. 1B (4) (5) (6) (7) (8) (9) . Low fluorescence intensity due to dead cells rather than to cavitation can be excluded by our previous observation in which the lethal dye Lucifer yellow/VS was used to visualize dying or dead cells: EBs did not show the necrotic areas which were prominent in tumor cell-derived spheroids (28) . Taken (Fig. 2A) , EBs with the largest volume had the lowest oxygen consumption.
Oxygen-Dependent Regulation of Aldolase A and VEGF mRNA. To analyze whether EBs were able to adapt to hypoxic conditions by specifically upregulating oxygen-dependent genes encoding glycolytic enzymes, we investigated modulation of the ubiquitously expressed aldolase A. Total RNA was isolated from 8-day-old EBs that were exposed either to normoxia for 1 day followed by an additional hypoxic (1% 02) incubation for a further 4 and 14 h or to hypoxia for 1 day followed by an additional incubation at normoxic conditions for 4 and 14 h. Northern blot analysis revealed an up to 3-fold reversible hypoxic induction of aldolase A mRNA regardless of which hypoxic induction protocol was performed (Fig. 3A) . This observation implies that EBs are metabolically active and have the capability of upregulating glycolytic activity under reduced oxygenation. Our results are in agreement with a previous report showing a 2-to 5-fold induction of aldolase A mRNA after hypoxic induction of skeletal muscle cells (12) .
To test whether oxygen also influences expression of genes involved in the regulation of embryonic development, we sought to study hypoxic induction of VEGF, since expression of this potent inducer of angiogenesis was expected to occur in EBs. Indeed, Northern blot analysis showed that VEGF mRNA was present in normoxic EBs and that the mRNA level was reversibly increased by a factor of 4-6 when EBs were exposed to hypoxia (Fig. 3A) . Similar to induction of aldolase A, elevation of VEGF mRNA was independent of the chosen hypoxic induction scheme (see above). Since splicing events are known to result in different VEGF isoforms, we analyzed total EB RNA by means of reverse transcriptase-mediated PCR using primers A and B, which allow amplification of the complete coding region (see Materials and Methods). As shown in Fig. 3B , three different cDNA products, 512, 644, and 716 bp in length, were obtained that correspond to the 120-, 164-, and 188-amino acid isoforms of mature VEGF, respectively (48) . Interestingly, hypoxic induction of all three isoforms was about equal. Since the amplified product encoding the 164-amino acid form was the most abundant one, we quantitated this isoform by means of competitive PCR using the primer set A and C, which exclusively amplifies this form. EBs grown at 20% oxygen contained 6 amol of VEGF mRNA per ,g of total RNA, whereas exposure at 1% oxygen for 4 h induced VEGF mRNA levels to 34 amol/,ug of total RNA. EBs preincubated at 1% oxygen for 24 h still had markedly high VEGF levels (17 amol/jtg of total RNA), while reoxygenation for 4 h reduced the VEGF mRNA level to 2 amol/gg of total RNA. The induction factor of the 164-amino acid isoform after hypoxic exposure very closely resembled the one obtained from all VEGF isoforms as measured by Northern blot analysis (see above). In conclusion, these results demonstrate that growing EBs have the capability to sense changes in their ambient oxygen tension and to respond to them by modulation of gene expression.
DISCUSSION
The potential of ES cells to spontaneously differentiate in vitro into embryo-like structures has facilitated developmental studies of the peri-implantation mouse embryo. However, although cell death occurs in the center of tumor cell-derived multicellular spheroids, little is known about the viability of the differentiating cells within the forming EBs. In the present work we stained 7-and 13-day-old EBs with the fluorescent dyes DASPMI (42, 49) . In contrast to similar-sized EBs analyzed in this work, we have observed significant areas of necrosis in the central region of multicellular spheroids starting at a spheroid diameter of about 300 Am (47) . The differences between these three-dimensional tissue culture models might be explained by the about 10 times higher cell packing density of tumor cell-derived spheroids compared with our similar-sized EBs: when reaching a diameter of 800 iLm, spheroids derived from HepG2 cells or human malignant gliomas consisted of about 7 and 12 x 104 cells, respectively (50) . Thus, increased cell number and metabolism of the tumor cells most probably result in steeper Po2 gradients, causing a higher susceptibility to cell death. This is compatible with the appearance of anoxic and necrotic areas in fast-growing tumors in vivo if angiogenesis cannot keep pace with the increase in tumor mass (11, 17 (6) . Furthermore, in vitro formation of vascular channels has been described in growing EBs (7, 9) , and the addition of recombinant VEGF to a chemically defined medium containing bone morphogenetic protein 4 (BMP-4) but not fetal bovine serum (53) (48, 54) . Since its expression is most probably upregulated by local hypoxic conditions within the developing embryo, we postulate that the increase in VEGF mRNA found after lowered oxygen supply of EBs mimics the in vivo situation during embryonic blood vessel formation. As EBs are known to express several growth factors and their receptors (55) , the favorable effects of hypoxia on plating efficiency and hematopoietic differentiation of EBs might reflect increased expression of oxygen-regulated growth factors, including VEGF, EPO, acidic/basic fibroblast growth factor, and plateletderived growth factor (56) , as well as cytokines such as interleukin 6 (57) and interleukin 8 (58) .
We propose that low oxygen consumption of the cells within an EB allows the EBs to grow in a poorly oxygenated environment. This might reflect the in vivo situation, where the preimplantation mammalian conceptus resides in a fluid environment sharing no physical connection with the maternal organism. Therefore, survival of the embryo depends on the availability of oxygen and nutrients in the environment. Interestingly, oxygen tension in the mammalian reproductive tract has been reported to be much less than half that of atmospheric oxygen, ranging from high values of about 60 mmHg (8.7% atmospheric 02) in the oviduct and uterus of hamsters and rabbits to as low as 11 mmHg (1.5% 02) in the uterus of rhesus monkeys (59) . In hamster and rabbits, intrauterine oxygen concentrations further decreased during blastulation and implantation to 37 mmHg (5.3% 02) and 24 mmHg (3.5% 02), respectively. The significance of reduced intrauterine oxygen tension at the time of implantation is unknown. Besides the hypothesis that this mechanism may serve to protect the peri-implantation embryo from oxygen toxicity (59) , it is tempting to speculate that hypoxia represents a physiological stimulus during development: reduced oxygen supply of the preimplantation embryo might be a prerequisite to upregulate a specific set of genes needed during the earliest steps of development, while, after implantation and vascularization, expression of these genes might be either reduced to constitutive levels or turned off. In summary, we propose that EBs provide an in vitro model to study oxygen-regulated gene expression during the earliest steps of mammalian embryogenesis such as formation of endoderm, mesoderm, and ectoderm.
